ABSTRACT
INTRODUCTION
Bioerosion is a major factor influencing reef construction and morphology. Modern day coral reefs are the result of interactions between reef growth and reef destruction (Hutchings 1986) . Despite the continuous visual reminders such as boulder tracts, eroded reef flats and sediments, reef destruction has received little attention compared with reef growth (Davies, 1983) . Estimates of destruction rates are therefore fundamental parameters in understanding overall reef growth.
High-density populations (12-100 urchins/m 2 ) of Echinometra mathaei and E. lucunter have been implicated in reef damage at various locations: Panama (Glynn 1988) , Okinawa (Keesing 1992) , Hawaii (Russo 1980) , Kuwait (Downing and El-Zahr 1987) , Virgin Islands (Ogden 1977) , Barbados (McLean 1967) Bermuda (Hunt 1969) , Enewetak (Russo 1977 (Russo , 1980 and Kenya (McClanahan and Muthiga 1988) . On most other reefs, Echinometra occur in low to medium densities (0-12 urchins/m 2 ) (Ogden 1977; Russo 1980) depending upon the depth of the reef and the abundance of its predators and competitors (McClanahan and Shafir 1990) .
Reef destruction assessment demands the study of interaction between grazing and boring activities (Kiene and Hutchings 1992) . Boring behaviour creates porous structure in the periphery of substratum that is vulnerable to erosion due to grazing. Peyrot-Clausade et al. (1995) and Pari et al. (1998) have done extensive work on the variability in bioerosion rates both spatially and temporally.
Two methods have been used to study bioerosion rates by sea urchins: gut analysis and field cage experiments. Gut analysis determines bioerosion rates based on titration of acid digested calcium carbonate in urchin guts (Downing and El-Zahr 1987) . This method has more recently been replaced by cage experiments. Field experiments use coral blocks to determine experimental rates of erosion by grazers and borers (Bak 1990 (Bak , 1994 Conand et al. 1997; Pari et al. 1998) . This method allows assessment of bioerosion, which may be specific to urchins (a cage keeps out other macrograzers), demonstrates variability of bioerosion on the reef as well as shows the effect of echinoid activity on dead coral substratum.
At low densities, sea urchins have bioerosion rates of at least an order of magnitude greater than those of finfish grazers such as parrotfish (Birkeland 1989) . Consequently, Echinometra potentially still affects the carbonate budget of coral reef communities even at low densities (Russo 1977 (Russo , 1980 Conand et al. 1997) . In extreme cases they can change the reef complexity from urchin-dominated to a coral-barrensand-dominated locale (McClanahan 1988) . On the contrary, low sea urchin activity creates a large number of reef habitats, which is an integral part of a coral reef. Furthermore, limited grazing of algae creates the necessary space for successful coral settlement (McClanahan and Muthiga 2001) .
Thus to know the condition of a reef it is essential to assess bioerosion and bioaccretion rates. This study addresses the bioactivity rates using field cage experiments on Nukubuco Reef and attempts to discuss its strengths and weaknesses.
MATERIALS AND METHODS

The Nukubuco Reef Environment
Fiji lies in the area of 15 0 S to 23 0 S and 177 0 E to 178 0 W (Figure 1 ) and comprises 844 islands and islets of which Viti Levu is the largest, covering 10,000km 2 (Penn 1983 By the reef margin, the lagoon has multispecific stands of seagrasses, on the outside of which are Porites spp. microatolls. The outer reef is a diverse coral assemblage dominated by Acropora spp. and some colonies of soft corals with a crest forming a rocky platform with occasional algal turf ridges. Wave action is greater on the outer reef than on the inner reef flat.
The eastern Nukubuco reef (near Nukulau and Makaluva Islands) is subjected to sewage effluent from Kinoya Sewage Plant, run-off from highland areas via Rewa River and other major rivers, and sand dredging activities. The western Nukubuco reef continuously experiences oceanic flushes from proximate Nukubuco Passage. The reef is heavily exploited for finfish and non-fin fish.
Cage Experimental Design
The experiment was conducted from July to November 2000. A two-factor sampling design was used. The factors were: 1. Position. Two positions were compared, in the east (near Nukulau and Makuluva Islands) and the west (near Nukubuco Passage) of Nukubuco reef ( Figure 1 ). The two positions were used to determine if the difference in environments effected the grazing of urchins. 2. Zone. Each position was divided into reef crest and reef flat ( Figure 1 ). The study shows its effects of bioerosion on the different zones. Flats comprised mostly coral rock and rubble while reef crests were narrower having live coral colonies and subject to high wave action.
The experiments quantifed rate of bioerosion by Echinometra sp. A on different habitats (position x zone) of Nukubuco Reef. This method reported bioerosion rates using experimental coral blocks (Peyrot-Clausade et al. 1995; Pari et al. 1998) .
To avoid destructive coral harvesting on Nukubuco reef the dead coral, Porites lutea, were brought from those already harvested by the Suvavou villagers from the adjacent Suva Reef and cut into standard sizes (0.1m x0.1m x 0.01m). The blocks were attached to cages by screws after being washed by freshwater and measured to constant dry weight. A control area on the block was allocated using Kiene and Hutching's methods (1992) .
Eight six-sided (0.2m x 0.1m x 0.1m) urchin cages were used. Cages were colour coded using tags. Each cage was made of galvanized mesh grid size 0.01m x 0.01m opening at the top. Each cage was partitioned so that urchins could not interact. Two cages were based in each zone, each containing two blocks, each with one urchin. The bottom of the cage had coach bolts tapped perpendicular to the cage on to which the coral blocks were bolted.
Initially cages were left for a month to allow colonization by turf-algae as food for urchins. Then the diameter of the urchins outer portion of Aristotle's lantern were measured prior to placing them in the cages (Table 1) . After 6 weeks the first block replicates were removed and tested for bioerosion activity. Then a further 6 weeks exposure of second set of block replicates was carried out. 
Block Treatment After Exposure
Samples were bleached with 45g/l sodium hypochlorite, washed with distilled water then placed in the oven at 60 0 C for 48 hours. After which they were weighed.
Point-Count Analysis
After 12 weeks, a point count analysis was made on the second set of replicate blocks. The grazing scars were assessed under a dissecting microscope at magnification of 6.7. The diameter of the Aristotle's lantern sizes of urchins (Table 1) helped record which cavities were caused by experimental urchins and not by other macro-grazers.
Bioerosion and Bioaccretion
The bioerosion (BE) weight was calculated as: BE = pooled % eroded area of a ll sections x the original weight.
The bioaccretion (BA) weight was calculated as: BA = W 2 -(W 1 -BE) W 1 = weight at the beginning of experiment W 2 = weight at the end of experiment (Kiene 1988) .
Net Carbonate (BioerosionBioaccretion) Accumula tion Rate
The bioerosion rates were calculated as: xBE/84 days The bioaccretion rates were calculated as: xBA/84 days And the net carbonate accumulation = BE -BA The data was analyzed using a two-way ANOVA.
RESULTS
Cage Experiments
Bioerosion rates slightly exceeded bioaccretion rates ( Figure  2 ). The mean rates of bioerosion and bioaccretion show similar trends in all habitats. The highest mean bioactivity rate was recorded for the eastern flat as 43 x 10 -3 kg CaCO 3 /m 2 /urchin/day (urchin size = 38mm). This was followed by /d, respectively. The urchin size did not seem to contribute to the difference in bioerosion trends. However, the grazing activity seemed to be habitat specific where blocks from the eastern flat showed higher bioactivity rates than those from the western flat. The 2-factor ANOVA (Table 2) confirms that no significant difference exists between positions (p = 0.619), zones (p = 0.946) and position x zone (p = 0.487). However, a higher variance in bioerosion rates was observed across the positions than between the zones. 
Bioaccretion
The following species of encrusting coralline algae were found on the sides and bottom of the blocks: Polyphysa, Hypnea, Chlorodesmis, Hormothamnion, Hildenbrandia, Lithothamnion. They were identified using an electron microscope. Blocks from the crest however, showed some coralline algae on the top surfaces. The encrusting animals (sea stars, polychaetes) were quite small and were also found on the same surfaces as the algae.
The two-factor ANOVA on the bioaccretion rates (Table  2 ) also showed no significant difference between positions (p = 0.684), zones (p = 0.943) and position x zone (p = 0.556). As with the bioerosion rates, bioaccretion rates varied more across positions than between zones.
Net Carbonate Accumulation
The balance between the rates of bioerosion and bioaccretion is an important indication of the impact these processes have on the block samples and the general Nukubuco reef. Figure  3 shows this balance where the average rates of bioerosion were subtracted from average bioaccretion rates to give a net carbonate accumulation value. There is no net bioaccretion on Nukubuco reef. Net destruction is more prominent on the eastern flat followed by the western flat while both the crests show almost an equal rate of net accumulation. 
DISCUSSION
Cage Experiments
Bioerosion rates slightly exceeded bioaccretion rates for all habitats on Nukubuco reef. The reef reports separate bioerosion rates from the cage experiments for different habitats. Eastern flat showed the highest, 43 x 10 A similar study was done on Ryukyu Islands, Japan where seasonal changes of net carbonate accumulation were investigated by using carbonate blocks which were exposed to urchin activity for 3 months (Hibino and Woesik 2000) . Their study found substrate age to be an important factor affecting bioerosion rates. Hence, it should be noted that the bioerosion data from the study is only over a 3-month period. Despite using different methods of assessing bioerosion, Conand et al. (1997) reported bioerosion rates similar to those obtained in this study; reef slope = 22.8 x 10 -3 kgCaCO 3 /m 2 /d; reef flat = 7.8 x 10 -3 kgCaCO 3 /m 2 /d. Conand et al. (1997) used gut analysis while this study used experimental coral substratum. In contrast, she reported higher bioerosion rates on the crests than the flats which could be due to the fact that at Re′union, Echinometra mathaei density is higher at the crest (45 m -2 ) compared with the flat (19 m -2 ). At Nukubuco reef there are urchin densities of 1.64 ± 0.14 m -2 at the crest and 4.08 ± 0.25 m -2 at the flat (Appana et al. in press) .
This study reported bioaccretion rates for different habitats; eastern flat 40 x 10 -3 kgCaCO 3 /m 2 /d, western flat 29 x 10 -3 kgCaCO 3 /m 2 /d, eastern crest 34 x 10 -3 kgCaCO 3 /m 2 /d a nd western crest 36 x 10 -3 kgCaCO 3 /m 2 /d. Bioaccretion rates were less than that of bioerosion. Bioaccretion rates followed a similar trend to bioerosion rates for the different habitats. Since seasonality patterns exist in recruitment rates of encrusting organisms such as bryozoa, oysters, coralline algae, vermetid gastropods and sipunculids in the wild (Kiene 1988) , a 3-month study is too short to give reliable rates of bioaccretion.
Though significant interactions were not highlighted in this study, there was higher variance observed across positions than zones. This may be a typical function of difference in environments across the east and west. The eastern position was heavily influenced by sewage effluent, river run offs and sand dredging activities while the western position was more oceanic and pristine. Further water quality studies could enhance understanding of these confounding variables.
This method encompasses both weaknesses and strengths. The cage experiments may have given experimentally r estricted or enhanced results. A more representative data collection could become expensive unless extra costs are incurred in setting up various cages hosting a variety of urchin sizes. Measuring erosion on coral blocks may not truly describe erosion on l iving or other surfaces (Kiene and Hutchings 1992) . Additionally erosion estimates from upper surfaces of grazed samples are only good for between sample comparisons and extrapolations using these should be prevented (Kiene 1985) . However, the cage experiment method provides bioactivity rates specific to habitats (area factor) thereby taking into account the variability in reef environments. It allows bioerosion assessments specific to echinoids. Also, it shows the importance urchin activity has in modifying dead coral substratum.
Net Carbonate (BioerosionBioaccretion) Accumulation
The experiments demonstrate that both bioerosion and bioaccretion are major processes that affect dead coral substrata on Nukubuco reef. It is the balance between the rat es of bioerosion and bioaccretion that provides fundamental knowledge on reef development (Hutchings 1986) . Erosion exceeds accretion on all habitats with no net accretion on Nukubuco reef.
This net carbonate accumulation estimate may present a virtual picture due to a number of reasons. A typical reef is subjected to significant biological destruction from grazers (acanthurids and scarids, echinoids, grazing gastropods, limpets), etchers (bacteria, fungi, algae) and borers (sponges, bivalves molluscs, sip unculids, polychaetes) (Hutchings 1986 ). Due to the cage-experiment, this study has reported rates completely void of other macroscopic bioerosion agents. Since Nukubuco reef is overfished, finfish, edible gastropods and bivalves may contribute very little to the erosion processes. However, other organisms such as polychaetes and sponges may enhance the total bioerosion rates. Variation in reef environments both over space and time may give inconsistent bioactivity rates.
This work on the bioactivity rates of sea urchins on Nukubuco reef provides a basis from which further more holistic studies can be carried out on the status of the reefs in Fiji.
